Abstract Appropriate disposal of hyperaccumulator biomass is a problem inhibiting the widespread use of phytoremediation technology. In the present study, kinetic analysis of the pyrolysis process of Sedum plumbizincicola, the behaviour of heavy metals and bio-oil composition were studied. The kinetic analysis of the pyrolysis process shows that activation energy (E) changed from 150 to 186 kJ mol -1 and the frequency factor (A) changed from 1.34 9 10 11 to 8.99 9 10 15 s -1 . At temperatures of 450-750°C more than 66.3 % of zinc (Zn) remained in the char. More than 87.6 % of the cadmium (Cd) was found in the bio-oil. Pyrolysis at 650°C led to the highest yield of alkanes with low-oxygen compounds found in the bio-oil. Pyrolysis at 650°C can likely offer a valuable processing method for S. plumbizincicola and recovery of Zn from the char and recovery of Cd from the bio-oil will be attempted in future research.
Introduction
There are many anthropogenic sources of heavy metals that can contaminate soils. These include sewage sludges or urban composts, pesticides, fertilizers and car exhausts, as well as residues from metalliferous mining or smelting industries (Jones 1991) . Heavy metals are highly persistent in soils with residence times in the order of hundreds or even thousands of years (Bradl 2004) . Phytoremediation is the name given to the set of techniques which employ higher plants to sanitize contaminated environments (Salt et al. 1998) . One of these techniques, phytoextraction, is used to clean up heavy metal-contaminated soils. Selected plant species remove metal compounds from the soil and accumulate them in their shoots. The technique is a modern environmentally sound and cost-efficient method for cleaning up metal-contaminated soils for which no suitable conventional treatment process has yet been found (Lewandowski et al. 2006; Chouchene et al. 2014) . S. plumbizincicola, a zinc and cadmium hyperaccumulator, has a great capacity to extract Zn and Cd and has been demonstrated to successfully remediate Zn-and Cd-contaminated soils (Wu et al. 2013) . S. plumbizincicola (Wu et al. 2013 ) has attracted growing interests because of its high dry matter yield (up to 12 t ha -1 ), appropriate biomass characteristics, low nutrient requirements and positive environmental impact (Wu et al. 2013) .
There are few published studies concerning pyrolysis of phytoextraction crop biomass. Most of the literature is focused on three goals: (1) to prevent heavy metals from being released into the environment; (2) to produce valuable pyrolysis oil that is free of heavy metals; and (3) to accumulate the heavy metals in the char/ash residue (hereafter described as 'char') (Lievens et al. 2009; Stals et al. 2010; Han et al. 2013; Cheng 2014; Yang et al. 2014) . It has been found that both condensable and non-condensable pyrolysis (623 K) fractions of both contaminated willow stems and leaves contain no detectable amounts of Cd, Cu or Pb but very small amounts of Zn (\5 ppm) are found in the condensable pyrolysis fraction (623 K) (Lievens et al. 2009 ). Pilot scale pyrolysis of synthetic hyperaccumulator biomass has also been demonstrated. In this context, the term 'synthetic' refers to the authors of Ref. (Koppolu et al. 2004 ) applying a laboratory process to obtain the heavy metals taken up by the originally uncontaminated biomass. When both stems and leaves were pyrolysed in a laboratory-scale semi-continuous reactor it was found that very low levels of metals occurred in pyrolysis oil produced at 623 K (Cu and Zn \ 5 ppm: Cd and Pb \ 1 ppm) with almost all of the metals accumulated in the char/ash residue (Stals et al. 2010) . Using three types of biomass (switchgrass, hardwood and softwood) through either fast pyrolysis in a fluidized-bed reactor (at 500°C) or slow pyrolysis (at 500 and 700°C) it was found that most of the Zn 2? and Cu 2? were adsorbed onto the biochars and the activated carbon (Han et al. 2013) . After rapid pyrolysis of birch and sunflower at low temperature it was found that heavy metals were concentrated in the ash/char fraction and Cd compounds were more susceptible to volatilization at 673 K (Lieves et al. 2008) . In fast, pyrolysis of heavy metal-contaminated willow with high concentrations of Cd, Cu, Pb and Zn the two pyrolysis fractions (at an operational temperature of 623 K), i.e. biooil/tar and gas, were both free of heavy metals. Some small differences in the types and amounts of organic compounds are found in the bio-oil and gaseous fractions (Lievens et al. 2009 ). Another approach for processing of phytoremediation crops is based on conversion into bioenergy using different energy-recovery techniques (Keller et al. 2005) . Because pyrolysis effectively destroys the organic portion of the plant biomass it is implicitly assumed that the ultimate fate of the metals and the energy recovery are from the bio-oil. During reduction in the thermal process of Sedum plumbizincicola both Pb and Cd formed metal complexes such as Ca0.75Cd0.25O and Pb2O3.333 or their mixtures and more of the bottom ash Zn under the reducing conditions was present as pure metal, crystalline oxides, sulphides or complex compounds combined with other metals (Zhong et al. 2015) . However, to our knowledge, there is little information available about the pyrolysis kinetics of hyperaccumulator biomass, the heavy metals in bio-oils, or the composition of the bio-oils.
In the present study, thermogravimetric analysis was used to investigate the pyrolysis behaviour of S. plumbizincicola at three different heating rates and find the distributed activation energies(E), frequency factor(A) and coefficients corresponding to different mass conversions. S. Plumbizincicola was also pyrolysed at 450, 550,650 and 750°C in a laboratory-scale horizontal quartz tube with 15 g of biomass per experiment. The bio-oil composition was characterized using pyrolysis-gas chromatographymass spectroscopy (Py-GC-MS).
Materials and methods

Materials
S. plumbizincicola biomass was collected from the mine area where it was originally found at a Pb/Zn mine in Chun'an City, Zhejiang Province, East China. The biomass pyrolysis test was carried out in a horizontal quartz tube. The proximate and ultimate analysis results for S. plumbizincicola are shown in Table 1 . The content of nitrogen, volatile matter and ash were large, but the sulphur concentration was low. The elemental composition (mg kg -1 ) of S. plumbizincicola comprised 9838 ± 289 (Zn), 560 ± 6 (Cd), 62.5 ± 3.7 (Pb), 77.6 ± 1.7 (Cu), 45.4 ± 6.0 (Cr), 642 ± 46 (Fe), 84.8 ± 6.9 (Na), 13976 ± 543 (Al), 61886 ± 805 (Ca) and 1135 ± 15 (Cl), respectively, and the SiO 2 content was 850 mg kg -1 . The ash concentration was 8.17 %.
Py-GC-MS and oil product analysis
Pyrograms were obtained by interfacing the pyrolyser (Model 5200, CDS, Oxford, PA) to the instrument used for GC-MS analysis (Model 7890A-5975C, Agilent, Santa Clara, CA). Portions (0.50 mg) of the biomass samples were pyrolysed at 450, 550, 650 and 750°C for 10 s, respectively, with a heating rate of 20°Cms -1 . The temperatures of the injector and of the GC-MS interface were 270 and 290°C, respectively. GC separation was achieved on an Agilent HP-5 ms (30 m 9 0.25 mm 9 0.25 lm). The following temperature program was set up: isothermal conditions at 50°C for 1 min, up to the final temperature of 290°C with a rate increase of 8.0°C min -1 and isothermal conditions at 290°C for 2 min. Ultrapure grade He was the carrier gas and its flow rate was 1.0 mLmin -1 . The injection mode was split (split ratio = 8, split flow = 10 mL min -1 ). Mass spectrometer conditions were as follows: 35-550 m/z, range of analysis: 0.49 s, scan event time; 3, number of microscans; 25 ms, max ion time. The ion source was at 230°C and positive ions were analysed. The NIST reference library of known organic ingredients was used to determine the chemical composition of the pyrolysis products.
Thermogravimetric analysis
A TG-DTG Evolution 16 analyser (Setaram, Caluire, France) was used to study the evolution of weight and volatile matter of S. plumbizincicola biomass from Chun'an during pyrolysis. About 10 mg of the sample was test at ambient temperature to 800°C and the heating rate was set at 10, 30 and 50°C min -1 . Nitrogen was used as the inert gas and the sampling time was 1 s per point.
Kinetic analysis using DAEM
The distributed activation energy model (DAEM) has been widely used to analyse complex reaction systems (Wang et al. 2008; Shen et al. 2011) . In the present study, thermal conversion process of S. plumbizicicola under an inert atmosphere is composed of a set of irreversible single (first-order) reactions occurring successively (Cheng et al. 2015; Li et al. 2013) . The model is expressed as follows (Miura 1995 
Equation (1) develops a linear relationship between ln(b/T 2 ) and (1/T) with the slope (-E/R). Consequently, the activation energy for the reaction can be determined by the slope of the linear-fitting curve from the correlated experimental data, while the pre-exponential factor A is estimated from the intercept (Miura 1995) .
Experimental facility
The experimental facility is shown in Fig. 1 and contained a high-pressure gas source (N 2 ), a flow control valve and metre, a horizontal quartz tube with a surrounding electrically heated furnace, and a flue gas absorption device. The horizontal quartz tube had an inner diameter of 45 mm and a length of 1000 mm of which 400 mm was in the temperature controlled reaction zone heated and controlled by the electrical furnace from 100 to 1100°C. All flue samples were collected in each experiment. A glass fibre filter plugged the joint between the quartz tube and the condenser pipe. About 15 grams of S. plumbizincicola powder were placed in each of four dried and weighed quartz-weighing boats and transferred into the centre of the quartz tube which was pre-heated to the desired temperature and was purged with N 2 in advance for about 10 min. The gas flow was introduced into the quartz tube before the start of the experiments. After each experiment the absorption bottles containing 5 % HNO 3 ? 10 % H 2 O 2 solution were removed and replaced with another set of bottles to dispose of the exhaust gas. The heating source was cut off. After the tube furnace was sufficiently cooled the bottom ash was carefully taken out, allowed to cool to room temperature, weighed and sealed in a sampling bag.
Determination of heavy metals
Samples of bio-oil, tar and char were digested with a solution of HNO 3 , HClO 4 and HF (3:2:1 HNO 3 :HClO 4 :HF by volume) for determination of Cd, Zn and Pb. The Zn and Pb concentrations were determined by flame atomic fibre-glass filter, 8 condenser tube, 9 iced-water bath, 10 absorption solution 1(5 % HNO 3 ? 10 % H 2 O 2 ), 11 silica gel Pyrolysis of Sedum plumbizincicola, a zinc and cadmium hyperaccumulator… 2317 absorption spectrophotometry (SpectrAA 220FS, Varian, Palo Alto, CA). The solution Cd concentration was determined with a Varian SpectrAA 220Z spectrophotometer using a graphite furnace.
Results and discussion
Kinetic analysis of the pyrolysis process
Stage II of the pyrolysis process of S. plumbizincicola (Zhong et al. 2015) was chosen for calculating the activation energy of S. plumbizincicola using DAEM model based on three different heating rates (b = 10, 30, or 50 K min -1 ) (Fig. 2) . The calculated kinetic parameters and deviation values were obtained and the results are shown in Table 2 . Fig. 3 shows a good linear relationship (linear correlation coefficients [0.85) between the arrhenius plot of ln(b/T 2 )) and 1/T (Table 3) . The E values changed from 150.25 to 185.61 kJ mol -1 and the values of A change from 1.34 9 10 11 to 8.99 9 10 15 s -1 . The average E value of S. plumbizincicola lower than other types of biomass (Giuntoli et al. 2009; Cheng et al. 2015) , possibly because the chemical composition of individual species plays a fundamental role in determining the kinetics or may be associated with the presence and absence of mineral content in various biomass materials (Giuntoli et al. 2009; Cheng et al. 2015) .
Distribution of pyrolysis products from S. plubizincicola
The distribution of products from pyrolysis of S. plumbizincicola is shown in Fig. 4 . The bio-oil yield increased from 22.01 wt% at 450°C to 31.7 wt% at 650°C and decreased to 15.9 wt% at 750°C. The tar yield increased to 6.34 % at 650°C and decreased to 3.19 wt% at 750°C. Char yield was found to decrease from 32.43 to 22.49 wt% when the temperature increased from 450 to 750°C. The yields of gas remained nearly constant up to 650°C then increased significantly at 750°C. The results are similar to those of Xue et al. (2015) , who reported that char decreased with the char mainly converted to bio-oil during pyrolysis at temperatures up to about 650°C. However, pyrolysis at even higher temperatures caused the cracking of pyrolysisoil to gas.
Behaviour of heavy metals during pyrolysis
Temperature has a significant impact on the heavy metal volatilization process. Increasing temperature can enhance vapourization by raising the vapour pressure of metal chlorides and enhancing the rates of diffusion (Sun et al. 2004; Liu et al. 2010) .
Heavy metals in the gas were not detected. The recovery of heavy metals in pyrolysis oil, tar and char were calculated from the total amount of metal available in the found in the oil. Only a minority of Pb (3.50-14.3 %) and Cd (0.02-2.16 %) was found in the char. Therefore, it can be concluded that Pb and Cd were mainly volatilized at reactor temperatures [450°C and condensed in the oil. Most of the Zn was volatilized when the temperature was [750°C. Preliminary demonstration of laboratory-scale (3 g batch -1 ) fast pyrolysis (30 K min -1 heating rate) in a quartz tubular reactor also shows Cd being volatized at elevated temperatures. Zn, Pb and Cu are much less prone to volatilization and remain in the char (Lieves et al. 2008) . The retention of heavy metals in the char leads to increased concentrations. Char mass is typically only 20-35 % of the original mass, depending on the biomass feedstock (Fahmi et al. 2008 ).
Bio-oil composition
Bio-oil may consist of more than 300 organic compounds. It is an easily transportable source of chemicals and it has an energy content higher than that of biomass (Bulushev and Ross 2011) . The chemical composition of bio-oils is very complex because they are mainly composed of a mixture of oxygenated compounds formed by the fragmentation and depolymerization reactions of cellulose, hemicellulose and lignin by their rapid heating (Mohan et al. 2006; Garcia-Perez et al. 2007; Stelmachowski 2011) .
The bio-oil compounds have been grouped in Table 3 according to their functional groups together with the main individual compounds. These results correspond to more than 55 compound identified that account for [90 % of the whole bio-oil. These oxygenated compounds (phenols, cyclopentenones, furans, open chain Ketones, aldehydes, carboxylic acids and monosaccharides) make the bio-oil unstable and reduce miscibility with hydrocarbons and the heating value (Bridgwater 2012; Alper et al. 2015) . Moreover, the heterocyclic compounds of the bio-oil make it viscous and easy to polymerize.
As observed in Table 3 , the main organic compounds in the bio-oil are acids. Py-GC-MS studies show that at a low temperature (450°C) the content of bio-oil acids was 65.0 %(acetic acid 5.6, 22.7 % stearic acid and oleic acid 30.9 %, respectively). The formation of acids decreased with increasing pyrolysis temperature and made up 20.2-25.7 % of the GC-MS chromatograms, were formed in different quantities during pyrolysis. The group of acids with 18 carbon atoms (octadecanoic acid and oleic acid) are the most common acids in the pyrolysis products of S. plumbizincicola at 450°C. Oleic acid was not found when temperature was 650°C. The main compound in this group is Octadecanoic acid (22.3 %, at 650°C) and the group of acids with 18 carbon atoms (30.9 % at 450°C). The presence of acetic acid is specifically attributed to the deacetylation of hemicelluloses (Weres et al. 1988) . The presence of these carboxylic acids is responsible for the strong acidity of the bio-oil (pH 2.0-3.0). They can cause corrosion in downstream processing when equipment is made of low quality materials (e.g. carbon steel).
Ketones make up the second major organic group in the bio-oil and they peak at 550°C (38.0 wt%). This chemical family is made up of two kinds of Ketones: cyclopentenones (ethanone,1-(1-cyclohexen-1-yl)-r) and open-chain Ketones (2-propanone, 1-hydroxy-r). As observed in Table 3 , cyclopentenone increased with temperature and increased to 4.33 wt% in the liquid. 26.9 wt% of chain Ketones were found at 550°C and decreased with increasing temperature. Ketones are formed by condensation reactions of the carbohydrate-derived fraction and decomposition of the miscellaneous oxygenates, sugars and furans (Mohan et al. 2006) .
Aromatics comprise another important group and are formed in the decomposition of S. plumbinzicicola above 450°C, and their yields increase considerably at 750°C (19.7 wt%). At very high temperatures, dehydrogenation/ aromatization reactions can eventually lead to larger polynuclear aromatic hydrocarbons and, eventually, increases in carbonization (Alvarez et al. 2014) . These results are consistent with the lignin pyrolysis mechanism proposed by Demirbas (Elliott 1986 ), i.e. the monomolecular dissociation of guaiacols into the corresponding radicals (catechols and cresols) at higher temperatures. Currently, phenol is synthesized from the partial oxidation of benzene, according to the cumene process, or the Raschig-Hooker process. These typical synthesis methods are usually very complex and the phenol produced by these methods is expensive.
The aldehydes in the pyrolysis products make up 10.5 % (at 750°C) of the GC-MS identified S. plumbizincicola pyrolysis products in the bio-oil mixture. The main aldehyde in the bio-oil is furfural which reaches its maximum concentration in bio-oil produced at higher temperatures. The furfural is attributed to the ring-open and rearrangement reactions of the xylan unit (Shafizad et al. 1972) . Furfural (FF) is regarded as a typical ring-containing product in the bio-oil (Shafizad et al. 1972) . The yield of furfural has been found to increase as the temperature rises, i.e. high temperatures favour the formation of furfural (Table 3 ). An earlier study (Shafizad et al. 1972) showed that the addition of zinc chloride also facilitates the formation of furfural from the hemicellulose pyrolysis. It is achieved through the concerted cleavage of the bond between oxygen and the C-5 position and ring forming between C-2 and C-5 positions on the xylan unit along with a free radical of H. Two new chemical pathways are proposed for the production of furfural here. These yields are much higher than those corresponding to other bio-oils derived from wood which are usually below 0.5 wt% (Qiang et al. 2008 ).
Alkanes such as nonacosane, heptacosane, tetratetracontane and butane were detected with total contents of 4.76-21.2 % and peaks at 650°C. These alkanes are possibly generated from the conversion of unsaturated fatty acids in algal cells (Zhou et al. 2010) or dehydration of alcohols and ethers (Weres et al. 1988) .
Alcohols make up 11.4 % (at 450°C) and 9.32 % (at 750°C), improve the homogeneity, decrease the viscosity and density, lower the flash point and increase the heating value of the pyrolysis liquids.
Among the chemical compounds identified, the content of saccharides (8.46 wt% at 550°C) and the content of acetic acid (15.6 wt% at 550°C) were higher than other biomass components such as corn stalk, fir wood, rice husk and bagasse and the ketone content of 38.00 wt% at 550°C was also high compared with most other biomass materials (Lu et al. 2011a, b) . Only 0.36 wt% of aromatics were found at 550°C. The low aromatic content may due to the low lignin content and increased with increasing temperature because alkyl groups cleave from aromatic compounds as the temperature increases (Mohan et al. 2006) . Eventually, the aromatic compounds condense into polycyclic aromatic hydrocarbons (PAHs) at the higher temperatures (Mohan et al. 2006) . S.plumbizincicola can be pyrolysed at 650°C with the highest yield of alkanes and esters with a low yield of acids.
Conclusions
DAEM was used in kinetic analysis and provided reasonable fits to the experimental data. The activation energy of S. plumbizincicola ranged from 146.4 to 232.4 kJ mol -1 , and the frequency factor (A) values changed greatly corresponding to E values at different mass conversions. Heavy metals in the gas were no detected. At temperatures of 450-650°C, the major portion of Zn ([43.6 %) remained in the char, while 54.4 % was found in the oil at 750°C. The major portions of Pb ([73.6 %) and Cd ([87.6 %) were vapourized during pyrolysis and found in the oil. The main components of the pyrolysis oils were acids (at 450°C) which decreased with increasing pyrolysis temperature. With pyrolysis at 650°C, the highest yields were obtained of alkenes with low levels of oxygenated compounds in the bio-oil. Pyrolysis at 650°C with heavy metals cleaning technologies (cyclone for collecting tar/char and with spray tower for collecting and cooling bio-oil) can likely offer a valuable processing method for S. plumbizincicola. Recovery of Zn from the char and that of Cd from the bio-oil will require further research.
